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[57] ABSTRACT

An analog-to-digital converter circuit is disclosed for
receiving an analog input signal and producing a digital
output having a plurality of binary bits representative of
the input signal. A number of devices are utilized, each
of which has a voltage versus current characteristic
with a plurality of peaks, and negative resistance re-
gions between said peaks. In the illustrated embodi-
ments, these devices are resonant tunneling diodes. For
each bit to be produced. a pair of said devices are pro-
vided, each being coupled in series arrangement with a
resistor. Predetermined portions of the input signal are
applied to both of the series arrangements for each
respective bit to be produced. Signals from both of the
series arrangements are combined for each respective
bit to be produced. The combined outputs respectively.
represent the produced binary bits. In the preferred
embodiment, the means for applying predetermined
portions of the input signal comprises means for apply-
ing different fractional portions of the input signal to
respective pairs of series arrangements. In this embodi-
ment, the input signal comprises an input voltage, and a
voltage offset is applied to the input signal. The transi-
tion between states (**0” to “1”, or vice versa) 1s very
fast due to the high switching speed of the narrow nega-
tive resistance region of the RTD’s I-V characteristic.
Also, because of the judicious use of offsets, the quanti-
zation uncertainty is one-half the last significant bit size.

20 Claims, 8 Drawing Sheets
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ANALOG-TO-DIGITAL CONVERTER UTILIZING
DEVICES WITH CURRENT VERSUS VOLTAGE
CHARACTERISTICS WITH A PLURALITY OF

PEAKS AND NEGATIVE RESISTANCE REGIONS

| BETWEEN PEAKS

BACKGROUND OF THE INVENTION

This invention relates to electronic circuits for ana-
log-to-digital conversion and, more particularly, to an
improved A/D converter circuit and technique.

Various types of circuits exist in the art for the impor-
tant task of analog-to-digital conversion, but existing
approaches suffer one or more disadvantages. So-called
*dual-slope” A/D converters, commonly used in digital
multimeters and other applications, can achieve high
resolution, but are very slow. [See, for example, F. H.
Musa et al., *A CMOS Monolithic Three And A Half
Digit A/D Converter”, IEEE Int’l. Solid State Circuits
Conf., pp. 144-145, 1976.] At the otlier extreme are
A/D converters based on the so-called “flash™ tech-
nique [see e.g. J. G. Peterson, “A Monolithic Video
A/D converter”, IEEE Journal of Solid State Circutts,
SC-14, No. 6. 932-937, Dec. 1979} in which for an N-bit
A/D converter the input signal is simultaneously com-
pared with 2.V _1 reference voltages using 2 —1 com-
parators to generate 2-¥—1 outputs. The flash A/D
converter also contains a rather complex digital circuit
for converting the 2-¥ — 1 outputs from the comparators
to N-bits of binary information. Thus, complexity 1s an
obvious drawback of this approach. An alternative to
the flash A/D converter has been proposed which uti-
lizes a folding or sawtooth characteristic to achieve
high speed {see A. Arbel et al,, “Fast ADC", IEEE
Trans. on Nuc. Sci., NS-22, 446, 1975]. However, this
approach has not been widely accepted because of the
need for a complex circuit to obtain the folding charac-
teristic.

It is among the objects of the present invention to
provide an A/D converter which 1s fast and accurate,

but not unduly complex.

SUMMARY OF THE INVENTION

The present invention is directed to an analog-to-digi-
tal converter circuit for receiving an analog input signal
and producing a digital output having a plurality of
binary bits representative of the input signal. -

In the disclosed embodiments of the invention, a
number of devices are utilized, each of which has a
voltage versus current characteristic with a plurality of
peaks, and negative resistance regions between said
peaks. In the illustrated embodiments, these devices are
resonant tunneling diodes. For each bit to be produced,
a pair of said devices are provided, each being coupled
in series arrangement with a resistive means. Means are
provided for applying predetermined portions of the
input signal to both of the series arrangements for each
respective bit to be produced. Means are also provided
for combining signals from both of the series arrange-
ments for each respective bit to be produced. The out-
puts of the combining means respectively represent the
produced binary bits.

In the preferred embodiment of the invention, the
means for applying predetermined portions of the input
signal comprises means for applying different fractional
portions of the input signal to respective pairs of series
arrangements. In this embodiment, the input signal
comprises an input voltage. Means are provided for
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applying a voltage offset to the input signal. Also. the
means for applying predetermined portions of the input
signal includes a voltage divider.

In one form of the invention, the means for combin-
ing signals from said respective series arrangements
comprises means for adding the voltages across the
respective resistive means of each said pair of series
arrangements. In another form of the invention, the
means for combining signals from said respective series
arrangements comprises means for subtracting the volt-
ages across the respective resistance means of each said
pair of series arrangements. _

The circuit of the present invention has a number of
important advantages. The transition between states
(0" to “1”, or vice versa) is very fast due to the mgh
switching speed of the narrow negative resistance re-
gion of the RTDs I-V characteristic. Also, because of
the judicious use of offsets, the quantization uncertainty
is one-half the least significant bit size. Further, the
number of RTDs necessary for an A/D converter of N
bits is only 2N, as compared to 2 —1 devices required
for some of the A/D approaches described above.

Further features and advantages of the invention will
become more apparent from the following detailed
description when taken in conjunction with the accom-

panying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram, partially in block
form, of an analog-to-digital converter in accordance
with an embodiment of the invention.

FIG. 2 shows the current vs. voltage characteristic of
a five quantum well RTD device.

FI1G. 3z illustrates an RTD in series with a resistor,
and FIG. 3b illustrates the I-V characteristic of an RTD
with and without a series resistor.

FIG. 4a illustrates a circuit arrangement useful in
understanding the invention, and FI1G. 454 illustrates the
behavior of the voltage across the resistor of the FIG.
4a circuit. | |

FIG. 8a illustrates another circuit arrangement useful
in understanding the invention, and FIG. 55 illustrates

the behavior of the voltage across the resistor of the
FI1G. 52 circuit. |

FIG. 6a illustrates another circuit arrangement useful
in understanding the invention, and FI1G. 65 illustrates
the behavior of the voltage across the resistor of the
F1G. 6a circuit.

FIG. 7a illustrates another circuit arrangement useful
in understanding the invention, and FIG. 75 1llustrates
the behavior of the voltage across the resistor of the
F1G. 7a circuit.

FIG. 8a illustrates another circuit arrangement that is
useful in understanding the invention, and FIGS. 8b-8¢
are waveforms which illustrate the behavior of the
voltage across the resistor of FIG. 8a for different frac-
tions of the input voltage.

FIG. 9a illustrates another circuit that is useful in
understanding the invention, and FIGS. 956-9¢ are
waveforms which illustrate the behavior of the voltage
across the resistor of FIG. 9a for different fractions of
the input voltage.

FIGS. 10b-10e¢ illustrate square waves obtained by
adding the waveforms of FIGS. 85-8¢ to the wave-
forms of FIGS. 95-9¢, respectively.

FIG. 11 is a graph showing the ideal transfer curve of
the A/D converter hereof for a gray code.
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FIG. 12 1s a schematic diagram, partially in block
form, of an analog-to-digital converter in accordance
with another embodiment of the invention.

FIG. 13 is a schematic diagram, partially in block
form, of an analog-to-digital converter 1n accordance
with still another embodiment of the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

- Referring to FIG. 1, there is shown an analog-to-digi-
tal converter in accordance with an embodiment of the
invention. An input analog voltage, V;,. to be digitized,
is applied across terminals 111 and 112. The terminal
111 is coupled to one end of a voltage divider which
comprises resistors designated 4R, 2R, R, and R. The
terminal 112 is coupled to the positive side of a DC
voltage source, V,/2, which 1s used as an offset voltage,
as will be described hereinbelow. The DC voltage
source is coupled between the terminal 112 and the
other end of the voltage divider. Each position of the
voltage divider is coupled, via a buffer, to the junction
between a pair of resonant tunneling diodes (RTDs). In
particular, the buffers are designated 121, 123, 125 and
127, and the buffer 121 couples to the junction between
RTD 131 and RTD 132, the buffer 123 couples to the
junction between RTD 133 and RTD 134, the buffer
125 couples to the junction between RTD 135 and RTD
136, and the buffer 127 couples to the junction between
RTD 137 and RTD 138. The RTDs may be of any
suitable type which has a voltage versus current charac-
teristic with multiple peaks and negative resistance re-
gions between the peaks, as described further hereinbe-
low. The buffers are used to drive the RTD circuits to
furnish a suitable output impedance for the input volt-
ages to the RTDs.

Each of the RTDs has an associated load resistor, as
seen in the diagram, the load resistors each having a
value Ry in the present embodiment. The load resistors
Rz1, Rz3, Rrsand Ry 7are coupled to a rail 101, and the
load resistors Rj, Rr4, Rz¢and R g are coupled to a rail
102. In the present embodiment, the rail 101 is at a volt-
age Vinmax)+ VT1 with respect to the bottom of the
voitage divider, and the rail 102 is at a voltage —V'T1
with respect to the bottom of the voltage divider. The
labelled voltage across each load resistor, as explained
further hereinbelow, is as indicated in the Figure.

Four summing amplifiers 180, 181, 182 and 183 are
provided. Each of the summing amplifiers is operative
to sum the voltage across the load resistors associated
with an adjacent pair of RTDs. Thus, the summing
amphfier 180 sums the voltages across load resistors
Rz7and Rg, the summing amplifier 181 sums the volt-
ages across load resistors Rzs and Rze, the summing
amplifier 182 sums the voltages across load resistors
R;3 and R4, and the summing amplifier 183 sums the
voltages across load resistors Ry and Rz>. The outputs
of the summing amplifiers are respectively the least
significant bit (output of summing amplifier 180 —Dyp) to
the most significant bit (output of summing amplifier
183 —D3) of the binary type of digital code (a gray
code, in this case) generated by the circuit.

To better understand operation of the FIG. 1 embodi-
ment, the following description is set forth in conjunc-
tion with FIGS. 2-11. FIG. 2 shows the current vs.
voltage (I-V) characteristic of a five quantum well
RTD device. The illustrated charactenistic 1s seen to
have five substantially symmetrical peaks in its [-V
characteristic. As 1s known, by varying the thickness of
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the barrier and spacer layers, one can tailor the peak-to-
peak voltage, the peak-to-valley ratio, and the peak
current of the RTD. [For description of the fabrication
and electrical characteristics of a multi-well InGaAs-
/InAlAs RTD, reference can be made, for example, to
A. Lakhani et al., “Eleven-Bit Parity Generator With A
Single, Vertically Integrated Resonant Tunnelling De-
vice'', Electron Lett., 24, 681-683 (1988), and R. Potter
et al., “A Vertically integrated Resonant Tunnelling
Device With Multiple Negative Differential Resis-
tances”, Device Research Conference, Boulder, Colo.
(1988).]

F1G. 3b shows the I-V characteristic of an RTD with
and without a series resistor. The characteristic marked
“Without R is the type of sawtooth first shown in FIG. .
2. When an RTD is connected in series with a resistor,
as illustrated in FIG. 3a, the slope of the positive resis-
tance region of the I-V curve becomes more gradual
and this region becomes wider. The negative resistance
region becomes steeper and narrower. By suitably
choosing the resistance R of the FIG. 3b circuit (e.g. a
resistance that is approximately equal to the negative
resistance of the negative resistance regions of the
RTD), the width of the negative resistance region can
be reduced so that it is negligible compared to the width
of the positive resistance region.

In the diagram of F1G. 44, the voltage across the
resistance R is designated V!, and in the accompanying
curve of FIG. 4b, which shows the voltage Vg! as a
function of V;,, the voltage between successive peaks 1s
designated V. As also-seen 1n FIG. 4), the voltage to
the onset of the first symmetrical positive resistance
portion of the sawtooth waveform is designated VT1,
and Vg 1s equal to V/4. |

Consider next the modification of the FIG. 4a circuit
to obtain the circuit of FIG. 54, i.e. addition of the DC
voltage VT14 Vmax) in the configuration shown.
FIG. 5b illustrates Vg2 (the voltage across the resistor R
in FIG. 5a) as a function of V;,, and it 1s seen that the
curve of FIG. 5b is the reverse of that shown in FIG.
4b. When the circuit of FIG. 4a is offset by VI1+V,/2,
as shown in FIG. 64, the curve of FIG. 4b is offset by a
DC voltage VT1+V,/2. If V,, ranges from zero to a
maximum voltage Vinmax), then the Vol—V,, curve
becomes FIG. 6b. In similar manner, the curve of FIG.
7b is obtained from the circuit of FIG. 7a. When V;,and
V,/2 of FIG. 6a are divided by 2 as shown in FIG. 8a,
one gets the curves of FIG. 86 through FIG. 8e (for
1.=0,1,2 and 3, respectively). [It can be noted that the
curve of FIG. 8b (i.e., for L=0 is the same as that of
FIG. 6b.] Similarly, for the values of L=0,1,2 and 3 in
FIG. 9a, one gets the curves of FIGS. 95, 9¢, 94 and 9¢,
respectively. [The curve of FIG. 9b (i.e., for L=0) is
the same as that of FI1G. 75.] |

When the curves of FIGS. 86 and 95 are summed
(e.g. by summing the voltages across the resistors of
FI1GS. 82 and 9a), one obtains the square waveform of
F1G. 1056, Similarly, summing the curves of FIGS. 8¢
and 9c¢ results in the square waveform of FIG. 10,
summing the curves of FIGS. 84 and 94 results in the
square waveform of FIG. 104, and summing the curves
of FIGS. 8¢ and 9e results in the square waveform of
FI1G. 10e.

The circuit of FIG. 1 will now be more readily under-
stood. The input voltage to be digitized i1s applied as
Vin, the voltage V,/2 is the voltage offset described
above, and the voltage divider serves to divide the
offset input voltage into the appropriate fractions for
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application to the respective pairs of series arrange-
ments of RTDs and resistors. The voltages across the
resistors of each associated pair of series arrangements
are added by summing amplifiers 180, 181, 182 and 183.
Referring again to FIGS. 105 through 10e¢. 1t is seen
that in the present embodiment the outputs of the sum-
ming amplifiers of FIG. 1, represented as the output bits
D: (FIG. 10e—most significant bit), D2 (FIG. 10d—se-
cond most significant bit). D3 (FIG. 10c—third most
significant bit), and D3 (FIG. 106—Ileast significant bit),
produce a gray code digital representation of the analog
input signal, V», as shown in the table of FIG. 10f The
ideal transfer code for this embodiment A/D converter,
which produces gray code, is shown in FIG. 11. It will
be understood, however, that any desired kind of binary
code can be obtained by selecting the appropriate off-
sets, bias voltages, and voltage divider values.
Referring again to the waveforms of FIGS. 106-10¢ 1t
rs seen that because of the insertion of offset voltage
V./2 the waveform of FIG. 100 is shifted by one-half
the least significant bit (LSB) so that the width of
“0000" is only half the width of the other codes. This

reduces the ideal maximum quantization uncertainty

from 1 LSB to 4 LSB. The transition froma “0" toa *1"
state, Or vice versa, is very fast due to the high switch-
ing speed of the narrow negative resistance region of
the RTD's I-V characteristic.

As seen above, the embodiment of FIG. 1 was pro-
duced using square waves obtained by adding appropn-
ately offset sawtooth waves, one of which has rising
ramps after each negative resistance region, and the
other of which has falling ramps after each negative
resistance region. The square waves can alternatively
be obtained by subtracting offset sawtooth waves which
both have rising ramps or by subtracting sawtooth
waves which both have falling ramps. The embodiment
of FIG. 12 uses subtraction of sawtooth waveforms
with rising ramps. The input signal V;,, offset voltage

V,/2, voltage divider, and RTD:s are like their counter-
parts in the FIG. 1 embodiment. In the FIG. 12 embodi-
ment, however, all the load resistors are coupled to the
rail 102, with the resistors Rz, Rz3, Rzsand Rz being
coupled to rail 102 via a DC voltage V/2. Difterence
amplifier 1280 subtracts the voltage across R 7from the
voltage across Ryzg to obtain bit Do. Similarly, differ-
ence amplifiers 1281, 1282, and 1283 derive bits D1, D2,
and D3, respectively, by subtracting voltages as indi-
cated in FIG. 12.

The embodiment of FIG. 13 uses subtractlon of saw-
tooth waveforms with falling ramps. The circuit 1s simi-
lar to that of FIG. 12 (with like reference numerals for
like components), except that the resistors are all cou-
pled to rail 101, as shown.

The invention has been described with reference to
particular preferred embodiments, but variations within
the spirit and scope of the invention will occur to those
skilled in the art. For example, as noted above, while the

illustrated embodiments produce gray code, it will be

understood that any desired kind of binary code can be
obtained by selecting the appropriate offsets, bias volt-
ages, and voltage divider values. Also, while RTDs are
found to have I-V characteristics that are particularly
suitable for use in the invention, other devices having
the specified characteristics may also be employed.

We claim:

1. An analog-to-digital converter circuit for receiving
an analog input signal and producing a digital output
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having a plurality of binary bits representative of said
input signal, comprising:

a number of devices each having current versus volt-
age characteristics with a plurality of peaks. and
negative resistance regions between said peaks:

for each bit to be produced, a pair of subcircuits each
including one of said devices coupled in series
arrangement with a respective resistive element,
said subcircuits for each bit being coupled together
at a junction between said devices;

means for applying a respective different predeter-
mined pomon of said input signal to said junction
of said pair of subcircuits for each respective bit to
be produced; and |

means for combining signals obtained from the resis-
tive element of both of the pair of subcircuits for
each respective bit to be produced; |

whereby outputs of said combining means respec-
tively represent produced binary bits.

2. An analog-to-digital converter circuit as defined by
claim 1, wherein said means for applying a respective
different predetermined portion of said input signal to
said junction of the pair of subcircuits for each respec-
tive bit to be produced comprises means for applying
different fractional portions of said input signal to re-
spective pairs of subcircuits.

3. An analog-to-digital converter circuit as defined by
claim 1, wherein said input signal comprises an mput
voltage and said means for applying a respective differ-
ent predetermined portion of said input signal to said
junction of the pair of subcircuits for each respective bit
to be produced includes a voltage divider.

4. An analog-to-digital converter circuit as defined by
claim 2, wherein said input signal comprises an nput
voltage and said means for applying a respective difier-
ent predetermmed portion of said input signal to said
junction of the pair of subcircuits for each respective bit
to be produced includes a voltage divider.

5. An analog-to-digital converter circuit as defined by
claim 1, further comprising means for applying a vo]t-
age offset to said input signal.

6. An analog-to-digital converter circuit as defined by
claim 3, further comprising means for applying a volt-
age offset to said input signal.

7. An analog-to-digital converter circuit as defined by
claim 4, further comprising means for applying a volt-

age offset to said input signal.
8. An analog-to-digital converter circuit as defined by

claim 1, wherein said means for combining signals ob-
tained from the resistive element of both of the pair of
subcircuits for each respective bit to be produced com-
prises means for adding the voltages across the respec-
tive resistive element of each said pair of subcircuits.

9. An analog-to-digital converter circuit as defined by
claim 4, wherein said means for combining signals ob-
tained from the resistive element of both of the pair of
subcircuits for each respective bit to be produced com-
prises means for adding the voltages across the respec-
tive resistive element of each said pair of subcircuits.

10. An analog-to-digital converter circuit as defined
by claim 7, wherein said means for combining signals
obtained from the resistive element of both of the pair of
subcircuits for each respective bit to be produced com-
prises means for adding the voltages across the respec-
tive resistive element of each said pair of subcircuits.

11. An analog-to-digital converter circuit as defined
by claim 1, wherein said means for combining s:gnals
obtained from the resistive element of both of the pair of
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subcircuits for each respective bit to be produced com-
prises means for subtracting the voltages across the
respective resistive element of each said pair of subcir-
Cuits.

12. An analog-to-digital converter circuit as defined
by claim 4, wherein said means for combining signals
obtained from the resistive element of both of the pair of
subcircuits for each respective bit to be produced com-
prises means for subtracting the voltages across the
respective resistive element of each said pair of subcir-
cuits.

13. An analog-to-digital converter circuit as defined
by claim 7, wherein said means for combining signals
obtained from the resistive element of both of the pair of
subcircuits for each respective bit to be produced com-
prises means for subtracting the voltages across the
respective resistive element of each said pair of subcir-
cuits.

14. An analog-to-digital converter circuit as defined
by claim 1, wherein each of said devices comprises a
resonant tunneling diode.
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15. An analog-to-digital converter circuit as defined
by claim 4, wherein each of said devices comprises a
resonant tunnehng diode.

16. An analog-to-digital converter circuit as defined
by claim 7, wherein each of said devices comprises a
resonant tunneling diode.

17. An analog-to-digital converter circuit as defined
by claim 8, wherein each of said devices comprises a

-resonant tunneling diode.

18. An analog-to-digital converter circuit as defined
by claim 11, wherein each of said devices comprises a
resonant tunneling diode.

19. An analog-to-digital converter circuit as defined
by claim 1, wherein said devices have substantially
symmetrical peaks in their voltage versus current char-
acteristics.

20. An analog-to-digital converter circuit as defined
by claim 7, wherein said devices have substantially
symmetrical peaks in their voltage versus current char-

acteristics.
" o 114 ik I
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